Based on a molecular mechanics approach pre-buckling and buckling deformations are studied for boron nitride nanotubes (BNNTs) and nanosheets (BNNSs) subject to an electrical field. Due to the reverse piezoelectric effect a compressive or shear force is generated for those of zigzag and armchair structures, respectively. As a result, axial deformation and buckling occur for zigzag BNNTs and BNNSs, while a torsional or shear deformation occurs for their armchair counterparts, followed by the corresponding buckling. The critical buckling electrical field is also studied and found to decrease as the aspect ratio of BNNTs and BNNSs increases. Such an effect of the aspect ratio turns out to be more pronounced for the buckling of armchair BNNTs and BNNSs.
Introduction
One dimensional nanomaterials, e.g., carbon nanotubes (CNTs) and boron nitride (BN) nanotubes and twodimensional nanomaterials, e.g., graphene and BN nanosheets have sparked great interest, due to their novel properties and potential applications in nanodevices. BN nanostructures have a structure analogy of their carbon counterparts (CNTs and graphene), in which alternating boron and nitrogen atoms substitute for carbon atoms.
Similar to carbon nanostructures with exceptional mechanical properties [1] [2] [3] BN nanostructures have also been studied intensively and show superior mechanical properties. Golberg et al [4] proved that BN nanotubes have a Young's modulus similar to that of CNTs, thus making them as stiffness as CNTs in axial direction. Zheng et al [5, 6] tested the effective radial elastic modulus of single-/multi-walled BN nanotubes by atomic force microscopy. The results showed that BN nanotubes exhibit effective radial elastic modulus in the same order of magnitude of CNT modulus. Recently, the torsional stiffness of multi-walled BN nanotubes was observed to be up to one order of magnitude stiffer and stronger than CNTs [7] . For BN nanosheets, the experimental investigation is still limited, the theoretical methods such as the molecular dynamics [8] and molecular mechanics [9] reported their inplane tensile rigidity varying between 0.26 and 0.28 TPa nm depending on their atomic structures.
In comparison with carbon nanostructures BN nanostructures have several advantages for various applications, for example, they have considerable chemical and thermal stabilities [10] , but at the same time they have comparable mechanical properties to carbon nanostructures [4] . Recently, the existence of high axial piezoelectricity has been reported in zigzag BN nanostructures [11] [12] [13] which brings new opportunities in developing smart materials. One of these is the energy conversion material by applying large axial electrical fields on the BN nanostructures. However, due to the high piezoelectricity the axial electrical field will generate axial deformations [14] or stresses in the BN nanostructures, which may further trigger the onset of the buckling across the whole BN nanostructures. Thus, an insight investigation of buckling due to an electrical field is essential for the applications of BN nanostructures as energy conversion materials, especially when the field strength is very high.
In this paper the pre-buckling and buckling behaviour of BN nanotubes and nanosheets are investigated by the molecular mechanics approach. The influence of the atomic structures of the BN nanostructures on their deformation and corresponding buckling behaviour is studied. In addition, the effect of the geometry of the nanostructures on the critical buckling axial electrical field is also investigated.
Structures of BN nanotubes and nanosheets
The schematic of the BN nanosheets are presented in figure 1 and the BN nanotubes can be considered as BN nanosheet of hexagonal that is rolled up into a hollow seamless cylinder. The atomic structure of BN nanotubes can be described in terms of the tube chirality, which is defined by the chiral vector C h and the chiral angle θ as shown in figure 1 . The chiral vector, also known as the roll-up vector, can be described by the following equation:
Here the integers n and m are the number of steps along the zigzag bonds of the hexagonal lattice and a 1 and a 2 are unit vectors. The chiral angles are 0 • and 30
• for the two limiting cases which are referred to as zigzag and armchair, respectively. In terms of the chiral vector, a zigzag nanotube is denoted as (n, 0) and an armchair nanotube as (n, n). The chiral vector of the nanotube also defines the nanotube diameter as
where l = 0.145 nm is the B-N bond length [15] .
Molecular structural method for electrical field actuated BN nanostructures
At the atomistic scale, boron and nitride atoms in the hexagonal array of a nanotube and a nanosheet are bonded together by covalent bonds. These covalent bonds have their characteristic bond lengths and bond angles in a three-dimensional space for nanotubes and a two-dimensional space for nanosheets. When a nanostructure is subjected to external forces, the displacements of the individual atoms are constrained by these bonds, and the corresponding deformation of the nanostructure is a result of the bond interactions. We assume that the covalent bonds between boron and nitride atoms can be simulated as connecting beam elements with round cross-sections and the atoms as joints of the beam elements with axial stiffness (YA), bending stiffness (YI), and torsional rigidity (GJ) as shown in figure 2. The whole nanostructure is then simulated as a space frame structure. Following the procedure of [16] , the direct relationships between the beam stiffness parameters and the force constants can be established as follows:
where Y , G, A, I and J are, respectively, the Young's modulus, shear modulus, cross-sectional area, moment of inertia and polar inertia of the equivalent beam, and l is the bond length (0.145 nm for BN nanostructures). The force constants k r , k θ , and k τ are 4.865 × 10 −7 N nm −1 , 6.952 × 10 −10 N nm rad −2 , and 6.255 × 10 −10 N nm rad −2 for BN nanostructures from the DREIDING force field [17] .
The space frame structure method was used widely in the literatures for modelling the mechanical behaviour of carbon and BN nanostructures [9, 16, [18] [19] [20] [21] . However, no works on the electrical field induced responses of nanostructures using space frame structure method has been reported. It is widely known that when boron and nitride are combined, the boron atoms each lose three electrons, forming cations (B 3+ ), and the nitride atoms each gain three electrons to form anions (N 3− ). These ions are then attracted to each other in a 1 : 1 ratio to form BN. When an external electrical field applied in the BN nanostructures as shown in figure 2(a) a Coulomb force F i will be generated on ion i (see figure 2(b) ) and it can be expressed as
where E is the electric field strength and q i is the charge on ion i (+3e for B 3+ and -3e for N 3− ). This Coulomb model has been used to determine the piezoelectric properties of the gallium nitride nanowires recently [22] . It is found that the piezoelectric property for the bulk gallium nitride obtained from the Coulomb model implemented by using the molecular dynamics simulation was found to agree well with that from the ab initio study. figure 3 for a (10, 0) zigzag nanotube ( figure 3(a) ), a (5, 5) armchair nanotube ( figure 3(b) ), a (3, 0) zigzag nanosheet ( figure 3(c) ) and a (3, 3) armchair nanosheet ( figure 3(d) ). In figure 3 the blue lines represent the deformed configurations due to the axial electrical field, while the black lines denote the initial structures. In all simulations the bottom layer atoms of the nanostructures are fixed while the top layer atoms are free. We can see from figure 3 that although there is no mechanical force applied, the BN nanostructures deformed due to the resultant of the Coulomb forces on all ions. Moreover, it also can be seen from figure 3 that the deformation of BN nanostructures induced by the electrical field strongly depends on their molecular structures. When an axial electrical field is applied, an axial deformation occurs in the zigzag nanotubes and nanosheets (see figures 3(a) and (c)) and a shearing deformation occurs in armchair nanotubes and nanosheets (see figures 3(b) and (d)).
The different behaviours between zigzag and armchair BN nanostructures in the electric field arise from their distinctly different structures. In zigzag nanostructures, the B and N atoms distribute along the tube or sheet axis layer by layer, giving rise to axial but no shearing (or torsional) spontaneous polarization [13] and further only giving an axial piezoelectric constant e 11 [13] . In contrast, in armchair BN nanostructures, each layer has the same number of B or N atoms, which gives a shearing (or torsional) spontaneous polarization but no axial spontaneous polarization exists and thus only gives a shearing piezoelectric constant e 14 for nanosheets or a torsional piezoelectric constant e 14 for nanotubes [13] . From the continuum mechanics viewpoint, when an axial external electrical field E is applied, the stress in the BN nanostructure due to the electrical field can be expressed as σ 1j = Ee 1j (j = 1 for zigzag structure and j = 4 for armchair structure). This illustrates that a compression exists in zigzag nanostructures and a shearing (or torsion) exists in armchair nanostructures when an axial electrical field applied.
Form the above discussion it is known that an axial electrical field will generate an equivalent compression in the zigzag BN nanostructures (both of nanotubes and nanosheets), an equivalent torsion in the armchair nanotubes and an equivalent shearing in the armchair nanosheets. As we illustrated above, all of these forces are measured by the strength of the electrical field. When the strength of the applied axial electrical field increases beyond a critical value E cr the BN structures will lose their stability. Subsequently, we shall give an insight discussion on the buckling of the BN nanostructures induced by the applied axial electrical field. The buckling analysis was performed by initially applying a reference level of axial electrical field to the BN nanostructures (usually taken as 1 V nm −1 ). Then a standard linear static analysis was carried out for the BN structure to obtain its geometric stiffness matrix. With the stiffness matrix the critical buckling electrical field of the BN structure can be calculated by solving an eigenvalue problem. The readers can refer to [19] for more details. The calculated critical buckling axial electrical field E cr of the clamped-free (21, 0) zigzag (d = 1.68 nm) and (12, 12) armchair (d = 1.66 nm) BN nanotubes is plotted as a function of the nanotube aspect ratio figure 4 where L is the nanotube length. We can see from figure 4 that E cr decreases as the ratio L/d increases both for zigzag and armchair nanotubes. However, compared with the zigzag nanotubes the electrical field induced buckling of the armchair nanotube is more sensitive to the change of the geometric size of the nanotube, e.g., for armchair nanotubes E cr decreases by 45% as the ratio L/d increases form 2.15 to 5.46, while for zigzag nanotubes E cr decreases by only 12% as the ratio L/dincreases from 2.11 to 5.34. Moreover, from figure 4 we can also observe that when an axial electrical field is applied, the armchair nanotube is more stable than the zigzag nanotube. This is because E cr of armchair nanotube is much larger than that of the zigzag nanotube, e.g., E cr of armchair nanotube with L/d = 2.58 is about 19 V nm −1 which is about 4 times of that of the zigzag nanotube with L/d = 2.50. The buckling modes of the zigzag nanotube with L/d = 5.46 and the armchair nanotube with L/d = 5.34 are also presented as insets of figure 4. It is seen from the figure that under the applied electrical field, the zigzag nanotube buckles in the same way when it is subjected to an axial mechanical force, while the buckling mode of the armchair nanotube is identical to the one when it is under a torsion [24, 25] .
Finally, the electrical field induced buckling of rectangular BN nanosheets was studied and shown graphically in figure 5 for (17, 0) zigzag and (10, 10) armchair nanosheets. Here, a pair of parallel sides are free (i.e., the length a) while the other two sides represented by the black bands in figure 5 are clamped (i.e., the width b). An external electric field is applied along the direction of the length. In this work particular attention was placed on the effect of the aspect ratio a/b on the critical buckling axial electrical field (E cr ). As shown in figure 5 , E cr decreases with the increasing ratio a/b as far as zigzag or armchair nanosheets are concerned. Specifically, E cr of the zigzag nanosheets is more sensitive to the variation of a/b than that of the armchair ones. This behaviour is found to be similar to that of the nanotubes observed above. Further, the insets of figure 5 show the buckling modes of the zigzag and the armchair nanosheets with the aspect ratio a/b around 1.5. It is seen from the figure that under the applied electrical field, the zigzag nanosheet buckles in the same way when it is subjected to an axial mechanical force, while the buckling mode of the armchair nanosheet is identical to the one when it is under a shearing force [26] .
Conclusions
The pre-buckling and buckling behaviours of boron nitride nanotubes and nanosheets induced by an applied axial electrical field are investigated based on a molecular mechanics approach. The novelty of the paper is in understanding and highlighting the intricate interplay between the electrical field and the mechanical deformations. The results show that the deformation of nanostructures induced by the electrical field depends on their molecular structures, i.e., an axial deformation occurs in zigzag nanostructures and a shearing deformation occurs in armchair nanostructures. In particular, when the axial electrical field increases beyond a critical value noted as E cr an axial buckling occurs in zigzag nanotubes and nanosheets, a torsion buckling occurs in armchair nanotubes and a shearing buckling occurs in armchair nanosheets. It is found that E cr decreases as the aspect ratio increases in both zigzag and armchair nanostructures, however, compared with the zigzag nanostructures E cr is more sensitive to the change of the aspect ratio of the armchair nanostructures. The different responses between different molecular structures are found to be a result of the distinct direction of polarizations in the corresponding nanostructures.
